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Abstract 
A thermochromatographic device was developed which allows 
to study volatile species with deposition temperatures as low as 
88 K. 

With this device the adsoiption behaviour of carrier free 
"NO, "NO2 and H^NO, as well as of "« " 'Xe and "Kr on solid 
surfaces was investigated. As stationary phases the following 
materials were used: quartz, teflon, graphite, TiOz, ViOi/TiOa, 
and molecular sieve 5A. 

From the experimentally measured deposition temperatures 
the differential molar adsorption enthalpies at zero coverage 
were determined. 

The experiments clearly showed that thermochromatograph-
ic processes still lead to well defined Chromatographie peaks 
even at temperatures as low as 88 K and high gas flow rates of 
11/min. 

tron) to the laboratory with a gas-jet transportation 
system, therefore, the influence of high carrier gas ve-
locities on the quality of the Separation has to be inves-
tigated at the same time. 

At low temperatures the limits of the operation 
principle of thermochromatography could be reached. 
Low diffusion coefficients and small sticking prob-
abilities could prevent highly volatile Compounds from 
being deposited in the chromatography column and 
from forming a typical adsorption peak. In the present 
study we investigated the formation of adsorption 
peaks at temperatures down to 90 K and carrier gas 
velocities up to 11/min. A comparison of the experi-
mentally determined adsorption enthalpies with litera-
ture data, as well as model calculations with a Monte 
Carlo Code, allow to check whether thermochromatog-
raphy remains a powerful method even at very low 
temperatures. 

Introduction 

Thermochromatography, as a special form of gas ad-
sorption chromatography, has found widespread appli-
cations for studying the adsorption behaviour of radio-
nuclides and their Compounds. 

Separations in temperature gradient tubes have 
been reported for maximum temperatures of 2400 K, 
e.g. Y on Ta surfaces (adsorption enthalpy - 6 2 7 kJ/ 
mol) [1]. However, only very few measurements are 
reported for low temperatures. In a column kept - at 
the low temperature side — at 140 K the adsorption 
enthalpy of radon on palladium surfaces was deter-
mined to be ( - 3 7 ± 4 ) kJ/mol [2]. 

The investigation of the adsorption behavior of 
gases at low temperatures is instrumental to under-
stand cryogenic processes like the operation of a cold 
trap or the interaction of gases and aerosols in the Up-
per atmosphere. Thermochromatography experiments 
at low temperatures can contribute thermochemical 
data, such as adsorption enthalpies, needed to describe 
adsorption reactions. In addition, thermochromatogra-
phy allows fast Separation of radionucUdes and their 
Compounds. Usually short-lived radionuclides are 
transported from the production site (reactor, cyclo-
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Experimental 

The dev ice 

Figure 1 shows a schema of the device. The tempera-
ture gradient along the column is produced by a metal 
tube (INCONEL 600). At one end of the tube a tubulär 
Oven is used to produce the maximum temperature and 
at the other end a liquid nitrogen cooling defmes the 
minimum temperature. If the INCONEL tube is in di-
rect contact with liquid nitrogen column temperatures 
below 100 K may be reached (version b in Fig. 1). 

Fig. 2 depicts some examples of measured tem-
perature proflies for a quartz column with different he-
lium carrier gas flow rates. Düring these measure-
ments heating and cooling were kept constant. It can 
be Seen that different gas flow rates produce different 
temperature profiles. 

Düring the experiments radioactive species were 
introduced with the carrier gas from the heated end 
into the column. At the low temperature side the car-
rier gas passed a cooled molecular sieve filter. Typical 
gas flow rates were on the order of 11/min. 

C o l u m n s 

Quartz tubes (i.d. 4 mm) were used as columns. As 
stationary phases the materials listed in Table 1 where 
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Fig. 1. Schema of the thermochromatographic device. a): copper 
contact cooling = 115 K); b): direct cooling with liquid 

nitrogen = 88 K). 
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Fig. 2. Temperature profiles in an empty quartz column (type b) 
as a function of different gas flow rates. He gas flow (cm'/ 

min): * stationary; + 600; • 1200; • 2000; A 4300. 

Table 1. Characteristics of the quartz thermochromatography 
columns 

Stationary phase Surface area per unit Method for surface 
length [cm^/cm] area determination 

empty quartz column 1.2 calc* 
quartz powder 10 calc* 
V Ä / T i O , 39700 BET 
TiOj 38700 BET 
molecular sieve 5A 358000 BET 
graphite fibres 40000 calc* 
teflon rings 2.8 calc* 
glass spheres 8.9 calc* 

calc*: surface calculated from geometric dimensions. 

filled into these quartz columns. From the specific sur-
face and the total mass the surface area per unit length 
was detemüned. 

P r e p a r a t i o n of t h e r a d i o a c t i v e g a s e s 

For the investigations at low temperatures " N labelled 
molecules such as NO, NO2 and HNO3 and the nuclear 
fission rare gases Xe and Kr were used. 

" N was produced in the reaction A 
gas target of 70 mm length consisting of a mixture of 
580 ml/min He and 100 ml/min O2 was bombarded at 
the PSI PHILIPS cyclotron by 250 nA of 14 MeV pro-
tons [4], The gas mixture containing the reaction prod-
ucts was transfered through a 2 mm i.d. Polyethylene 
capillary over a distance of about 100 m to the 
thermochromatography device. The production of the 
different " N labelled species is described in detail in 
Ref. [4]: The primary product from the target Chamber 
was mainly H^NOa, which was presumably formed 
with trace amounts of water vapour in the gas. HNO3 
was converted to NO using a molybdenum Converter. 
Behind the molybdenum Converter NO2 was produced 
from NO by oxidation with chromium trioxide soaked 
with phosphoric acid. Addition of ozone to the NO 
resulted in formation of HNO3, since concentrations of 
impurities such as H2O were high compared to the 
" N O concentration (10' molecules per cm^ [4]). 

The fission noble gases Xe and Kr were produced 
at the SAPHIR reactor gas-jet system [5]. As carrier 
gas 11/min He, without O2, was used. 

R e c o r d i n g of the c h r o m a t o g r a m s v ia r a d i o -
a c t i v i t y m e a s u r e m e n t s 

For the investigations of the fission noble gases the 
carrier gas was passed for two hours through the col-
umn. Then the column was removed and cut into 3 cm 
long pieces. The deposition peaks of '*Kr (Ti,2 — 
8.6 s), " ' X e = 14.1min) and "«Xe (Ty^ = 
39.7 s) were determined via measurement of the y-
spectra of their yS-decay products ®'Sr (Tm = 9.5 h), 
"®Cs ( r , ^ = 32.2 min) and " ' B a (T^n = 1.38 h), re-
spectively. This technique allowed to perform the y-
counting without cooling since these non-volatile 
daughters and grand-daughters of the rare gas radio-
nuclides remained sorbed at the surface of the column 
material also at room temperature. The measurement 
of the 3 cm long column segments was performed with 
a high purity Ge detector. 

The carrier gas containing the NO, NO2 and HNO3 
molecules to be investigated was fed into the chroma-
tography column for 20 min. Then the column was re-
moved from the oven system, closed at both ends and 
put into an open bath of liquid nitrogen to freeze the 
distribution of the deposited gaseous species. The 
measurement of the y-activity was performed with a 
Geiger-Müller counter using a lead collimator with a 
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3 cm slit. " N was detected via its 511 keV annihilation 
y-rays. 

Results and discussion 
Distr ibut ions of H N O j , NO2, and N O 
in the thermochromatographic co lumns 

Figures 3 and 4 show examples of measured distri-
butions. Figs. 3a and 4a depict the temperature pro-
files. All plots are normalized, i.e. the sum of the mea-
sured count-rates for all 3 cm segments is 100%. 
Fig. 3b shows the measured distribution with the car-
rier gas containing the original composition of " N spe-
cies behind the target Chamber in a column filled with 
VzOj/TiOj. Most of the activity is found at the en-
trance of the column which can be interpreted as an 
irreversible deposition of nitric acid. A minor part of 
the activity is found at lower temperatures. As will be 
discussed below, this fraction with higher volatility 
can most likely be attributed to NO. 

A similar deposition pattem was observed with 
molecular sieve as stationary phase in experiments 
with H N O 3 (i.e. behind the molybdenum Converter and 
adding ozone) (Fig. 4b). 

Fig. 3c shows the measured distribution with pure 
N O (i.e. behind the molybdenum Converter) for pure 
TiOa. The highest peak can be attributed to NO. How-
ever, there is still a minor peak visible which can be 
attributed to NO2. Since the molybdenum Converter 
was shown to be more than 99% efficient (4) this NO2 
has to be assigned to oxidation on the column surface. 

In case of a poor Performance of the molybdenum 
Converter, all three components are visible, as exem-
plified in Fig. 3d for a VaOj/TiOz filled column. 

Fig. 3e shows the measured distribution for a NO2 
generator. The broad distribution clearly indicates that 
the conversion of N O to NO2 is not quantitative. The 
same Observation is made with the NO2 generator fed 
into a molecular sieve column (Fig. 4c). 

If the carrier gas containing all reaction products 
is fed into column filled with quartz powder, the pro-
ducts H N O 3 and NO2 are observed whereas N O is ab-
sent (Fig. 4d). This highly volatile molecule can not 
be deposited under these conditions and is found in 
the following molecular sieve trap cooled with liquid 
nitrogen. The same result is found for an empty quartz 
column (Fig. 4e). 

The method used in this work for the determi-
nation of the activity distributions led to an unrealistic 
broadening of the peak shapes. Therefore, in the fol-
lowing only the peak maxima wiU be discussed. They 
were converted to adsorption temperatures using the 
temperature pattem depicted in Figs. 3a and 4a. 

Fig. 5 shows the distribution of xenon isotopes as 
it was recorded via the measurement of the daughter 
nuclides (see above). Since "®Xe and " ' X e have dif-
ferent half-lives, the deposition peaks have their maxi-
ma at slightly different adsorption temperatures. The 
shorter-lived isotope "®Xe is — as expected - found 
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Fig. 3. Temperature along the column (a) and distribution of 
different mixtures of " N Compounds in columns fiUed with 
ViOj/TiOj (b, d, e) and with TiOa (c) respectively; ( i denotes 
the beginning of the column packing; length of column segment: 

3 cm; A: relative part of the total activity in the column). 
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Fig. 5. Distribution of short-lived xenon isotopes in a tliermo-
chromatographic column filled with VjOs/TiOz; (length of col-
umn Segment: 3 cm, A: relative part of the total activity in the 

column). 

at higher temperatures. In this column filled with 
VaOj/TiOj no decay products of ^'Kr were found. 
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Fig. 4. Temperature along the column (a) and distribution of 
different mixtures of "N Compounds in columns filled with mo-
lecular sieve (b, c), SiOj powder (d) and in an empty quartz 
column (e). ( i denotes the beginning of the column pacldng; 
length of column segment: 3 cm; A: relative part of the total 

activity in the column). 

Determinat ion of adsorption enthalpies 
and intercomparison with l i terature data 

Fig. 6 shows the relationship between the experimen-
tally determined deposition temperatures T̂  for NO, 
NO2 and HNO3 in the columns used and the parameter 
AEi*{x), which is described in [3] and includes experi-
mental parameters as well as the adsorption entropy: 

AEi*{x) = tr Vog 
aTotx^{ASJR) (1) 

with 
^ = duration of the experiment (retention time) 
Vq = gas flow rate 
g = temperature gradient along the column 
a = surface area of the column per unit length 
ASa = adsorption entropy 
To = Standard temperature (273.15 K) 
R = gas constant. 

Mobile adsorption was assumed which allows to 
calculate AS, [3]: 

AS, = R \nto{RTJ2nMY'^ + RH (2) 

of adsorbed species 

with 
M = molecular weight 
To = vibrational frequency 

[= 2.2 • s]. 

The soHd lines shown in Fig. 6 represent species 
with fixed adsorption enthalpies between - 1 0 and 
—60 kJ/mol and deposition temperatures between 50 
and 350 K, calculated with 

RT^ RZ 
(3) 

with 
T, - maximum temperature in the column 
AHa = adsorption enthalpy. 
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Table 3. Sublimation enthalpies and estimated adsorption en-
thalpies for different species on quartz surface. For comparison 

the Sublimation enthalpies of some elements are added 

Deposition temperature (K) 

Fig. 6. Parameter JEi*{x) (solid lines) for selected values of 
(10 ... 60 kJ/mol) as function of deposition temperature 

T j according to Eq. (3). 
Included are the average experimental deposition temperatures 
in various columns at accompanying values of /iEi*(x) from 
Eq. (1). O empty quartz tube; • quartz powder; • VaOj/TiOj; 

• TiO^; • molecular sieve; 0 Xe on VjOj/TiOz. 

Table 2. Parameter Ei*{x) (see text) and lowest detectable ad-
sorption enthalpies AH^ for minimum temperatures of 115 K and 

88 K, respectively, for the columns used in this work 

Column type Column type 
(kJ/mol) (kJ/mol) 

115K = 88K 

Empty quartz 
tube 1.7X10" 27.5 21.3 

Filled quartz tube 2.0X10'° 25.8 19.7 
VjOj/TiOj 7.0X10' 17.8 13.7 
Molecular sieve 5.8 XIO^ 15.2 11.7 

The experimentally determined AEi* values for a 
given species form for each column type a set of data 
which are grouped in the two dimensional plot (differ-
ent symbols in Fig. 6). 

Given by the minimum temperature and the gas 
flow rate in the thermochromatography apparatus for 
each column type a lower limit of tiie adsorption en-
thalpy is defined by Eq. (3). For the columns and the 
retention times used in this work the minimum detect-
able adsorption enthalpies are summarized in Table 2. 

The calculated lower limits were confirmed experi-
mentally. As an example, in empty quartz columns or 
in columns filled with non-porous materials NO was 
not deposited at the minimum temperatures achieved 
in this work. The same holds for Kr. 

In all investigations non-deposited species (e.g. 
" N N ) were adsorbed in the molecular sieve traps 
cooled with liquid nitrogen and were also measured 
[4]. 

For an estimate of the adsorption enthalpies the 
following empirical correlation was applied, which can 
be used for (non-strongly selective chemical) sorption 
of non-basic oxides and hydroxides on quartz surfaces 
[6]: 

- A H , = [16.9 ±8.2] + [0.690 ± 0.042] • JH,^, 
(4) 

Species Sublimation enthalpy [7] Adsorption enthalpy 
(from (Eq. (4)) 

[kJ/mol] [kJ/mol] 

NO 16.07 28.0± 8.9 
NO2 51.00 52.0±10.3 

HNO3 49.70 51.2±10.3 
N. 6.31 -

0 . 7.28 -

Kr 10.69 -

Xe 14.92 — 

Table 3 summarizes the calculated adsorption enthal-
pies obtained with Eq. (4) using Uterature values of 
the Sublimation enthalpies [7]. 

Table 4 summarizes adsorption enthalpies of NO, 
NO2 and HNO3 from the literature and from this work. 
The assignment to isosteric, differential or integral ad-
sorption enthalpy is made according to the correspond-
ing references [10-41]. 

Under the actual experimental conditions of the 
thermochromatography experiment, not the adsorption 
of the investigated species on the clear column surface 
was studied, but the co-adsorption of nitrogen oxides 
or fission noble gases with other components and im-
purities (e.g. H2O, CO2) of the carrier gas. The rather 
high gas flow velocities — which are mandatory for a 
fast transport of short-lived nuclides - might, how-
ever, influence the deposition process. Especially at 
low temperatures with low diffusion velocities it can 
not entirely be excluded that kinetic effects might pre-
vent a füll adsorption equiUbration. In helium the dif-
fusion coefficients decrease by approximately one Or-
der of magnitude if the temperature is lowered from 
room temperature to 100 K [9]. Hence, the measured 
deposition temperatures in open tubes and in loosely 
packed tubes could yield too low adsorption enthal-
pies. The thermochromatography does not allow to de-
termine adsorption enthalpies on the basis of mere 
thermodynamic relationships [3]. The analysis is based 
on the assumption of an adsorption model which also 
includes a prediction of the adsorption entropy. Hence, 
only approximations of the adsorption enthalpy can be 
obtained. The result is a differential molar adsorption 
enthalpy under zero coverage. The values obtained can 
be compared with isosteric and differential adsorption 
enthalpies at zero coverage, obtained with other, con-
ventional techniques. Comparison with integral ad-
sorption enthalpies at very low coverage is also possi-
ble. For higher coverages isosteric and differential ad-
sorption enthalpies can only be compared if the cover-
ages are the same. This is especially important for 
nitrogen oxides which tend to associate (e.g. 2 NO2 <-> 
N2O4). 

The large scatter of the existing literature data only 
allows to define an approximate differentiation of the 
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Table 4. Adsorption enthalpies of NO, NO2 and HNOj-coiresponding references 

Adsorbent Method Temp. (K) Coverage -AH, (kJ/mole) Reference *denotes 
this work 

isosteric integral differential 

NO 

SiOa tube tc <115 zero <28 * 

SiOj powder tc <115 zero <26 * 

glass spheres tc 90-130 zero 18.0±0.5 * 

Silica gr 0.4-1.0 9...16 10 
Cab-O-Si l 

gr 

MgO vo 70-150 0.1 23.0 11 
MgO vo 243-303 0.02 16.7 12 
A1,0, gr 0.5 8.0 13 
AUO3 gr 181-273 16.7-20.9 14 
SnOj 

gr 
37.6 15 

KCl ma 88-113 0.07 15.5 16 
0.007 17.8 

Mordenite: 

H-mordenite vo 213-343 0.02 23.4 17 
H-ZSM mordenite vo 213-343 0.02 18.4 17 
Li-mordenite vo 213-388 0.02 31.5 18 
Na-mordenite vo 213-388 0.02 27.6-30.1 18 
Na-mordenite vo 243 -303 0.02 29.7-27.6 12 
K-mordenite vo 213-388 0.02 22.6 18 
Cs-mordenite vo 213-388 0.02 20.9 18 
natural mordenite gc 133-261 zero 20.1 20 
Mg-mordenite ma 0.02 41-63 19 
Ca-mordenite ma 0.02 38-41 19 
Ba-mordenite ma 0.02 33 19 

Molecular sieves: 

5A gc 210-261 zero 37.2 20 
5A tc 130-170 zero 18.6±2.7 * 

13X gc 133-261 zero 18.2 20 

Carbon: 

activ. vo 200 29.5 21 
chercol 230 33.0 

270 36.8 
activ. vo 273 30.0 22 
coal 313 31.1 
Sterling gr 0.8 12.0 10 
FT 1.0 18 
ungrap. carbon gr 16.6 10 
graphit ca zero 200 23 
graphit ca 190-273 4.0 24 
graphit tc 135-318 zero 20.3 ±1.0 * 

Oxides of transit. metals: 

TlO^ tc 138-183 zero 23.2±2.2 * 

VÄ/TiO^ tc 125-150 zero 19.3 ±2.2 * 

VÄ/TiO^CNHa) tc 130-166 zero 23.1 ±2.2 * 

CrÄ/Al^O, gr <373 0.3-0.4 23.0 25 gr 
0.1 48.2 

CrO/SiOa ca 126 26 
LaCrOs vo 195-301 0.5 40 27 
LaFeO, vo 195 0.65-1.0 25-38 28 
Fe^Os/AljO, gc 643-683 zero 50.2 29 
Fe^O, gr 299-423 0.37 23.0 30 
NiO gr 0.5 6 13 
NiO 

gr 
181-286 20.0 32 

NiO gr 273 -413 0.37 36.0 33 
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Table 4. (Continued). 

Adsorbent Method Temp. (K) Coverage -AH^ (kJ/mole) Reference *denotes 
this work 

isosteric integral differential 

NO2 

SiOj tube tc 108-120 zero 11A±1.1 * 

SiOj powder tc 127-148 zero 29.7 ±2.5 * 

glass spheres tc 90-130 zero 22.0±1.5 * 

Mordenite: 

natural-mordenite gc 133-261 zero 10.0 20 
H-mordenite gc 133-261 zero 10.0 20 
Na-mordenite gc 210-261 zero 12.1 20 
Mo-glass vo 393-523 11.5 38 
carb.fibres ACF gr 566-626 40-77 39 
graphit tc 234-318 zero 35.2±2.5 * 

Teflon tc 121-318 zero 27.5 ±2.5 * 

Molecular sieves: 

5A gc 131-261 zero 18.3 20 
5A tc 243-260 zero 31.6±1.0 * 

13X gc 133-261 zero 18. 20 

TiO, tc 218-238 zero 34.6 ±1.5 * 

V,05/m(NH3) tc 218-230 zero 35.6±3.1 * 

VA/TiO, tc 218-243 zero 34.5 ±1.5 * 

Fe.03 vo 393-523 12.8 38 
C02O3 vo 339-523 16.3 38 

HNO3 

SiOj tube tc 248 zero (50.4) * 
Si02 powder tc 230-263 zero 53.7±3.0 * 

Mol. sieve 5A tc 573 zero (78) * 

Xe 

Graphit: 

Sterling ra 162-195 zero 20.1 40 
MT3100 
Graphon ra 162-195 zero 21.3 40 

Molecular sieve: 

5A ma 195-298 22.0 41 
13X 22.0 41 
AW-500 27.6 41 

V ^ O j / m tc 130-160 19.8 * 

Kr 

MS-5A ma 195 -298 15.6 41 
MS-13X 14.6 41 
V j O j / m >88 <13.7 

Remarks: vo: Volumetrie; ma: manometric; gr: gravimetric; gc: gas Chromatographie; tc: thermochromatographic; tpd: temperature 
programmed desorption; ra: radiometrie; A/B: A supported on B. 

adsorption propeities as a function of the nature of 
the solid surfaces. It can be assumed that dimerization, 
disproportionation, surface oxidation and other irrever-
sible processes strongly influence the experimental re-
sults. 

On the adsorbent materials SiOz, mordenites, mol-
sieve, graphite, MgO and AI2O3 the molecule NO 
seems to be similarly adsorbed. Our experimental ther-
mochromatographic data for "NO on graphite and mo-
lecular sieve 5 A fit weil to this group. 
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Within the transition metal oxides increasing ad-
sorption enthalpies are observed from TiOj to CuO. 
This indicates increasing chemical interaction of NO 
with the solid surface (possibly nitrosyl formation). 
Strengest adsorption is found for surfaces of mixed 
Oxides with spinel structiire [30, 37], 

Our results for the adsorption of NO on TiOz and 
VjOs/TiOz catalytic materials are similar to literature 
values for the adsorption of NO on Single transition 
metal oxides. When VzOs/TiOz was pretreated with 
ammonia a higher adsorption enthalpy for NO was 
found compared to untreated material. Possible rea-
sons might be a modification of the chemisorption as 
well as a blocking of certain adsorption sites [4], 

The studies with NO2 were performed at a concen-
tration level which did not allow formation of N2O4. 
However, most literature data for NO2 Sorption were 
made at temperatures where formation of N2O4 can be 
assumed [38, 39]. The scarce number of literature data 
does not allow a systematic Interpretation with respect 
to different adsorbents. 

It is surprising that for some materials the literature 
values for the adsorption enthalpies of NO are higher 
than for NO2. This is in contrast to gas Chromatograph-
ie studies [42] which clearly show that NO has lower 
deposition temperatures, and thus should be more vol-
atile than NO2, as expected on the basis of the corre-
sponding Sublimation enthalpies (see Table 6). Even if 
adsorption of N2O4 is assumed the dissociation of this 
molecule should not lower the adsorption enthalpy to 
values as low as 10 kJ/mol, as e.g. pubUshed for NO2 
on mordenite (see Table 4). 

Gaseous nitric acid can be studied chromatograph-
ically on pure quartz surfaces only. On all other mate-
rials used in this work, irreversible adsorption with e.g. 
nitrate formation or decomposition occurred. 

The investigation of the Sorption behaviour of no-
ble gases was made for calibration purposes. In gen-
eral, only small variations of the adsorption enthalpies 
are found for different Sorption materials. On the basis 
of the Sublimation enthalpies (Table 6), for NO and Xe 
similar adsorption enthalpies are expected. The deposi-
tion of Xe defmes physisorption. The rather similar 
experimental adsorption enthalpies for NO and Xe 
show that chemical interactions of NO with the oxides 
is of minor importance. 

Calcula t ion of the rmochromatograph ic 
deposi t ion zones using a Monte Carlo model 

In Order to achieve a better understanding on how the 
experimental conditions influence the formation of a 
deposition zone, a suitable model for gas-solid 
thermochromatography in open columns must be ap-
plied. However, severe difficulties are encountered in 
attempting to derive the zone shape analytically. 
Therefore, a microscopic model describing the erratic 
downstream migration of a gaseous species through an 
open column with a negative longitudinal temperature 

10 11 12 13 14 15 16 
Number of column segment 

Fig. 7, Deposition zones of HNO3 and NO2 in an empty thermo-
chromatographic column (data points) and the calculated distri-
bution using a Monte Carlo model (line) at a carrier gas flow 
rate of 600 ml/min and adsorption enthalpies of — 55kJ/mol 
and -30kJ/mol for HNO3 and NO2, respectively; (length of 
column segment: 3 cm; A: relative part of the total activity in 

the column^ 

gradient is required. Since an exact model, simulating 
the vast number of adsorption-desorption cycles fol-
lowed by intermittent displacements of each species, 
requires far too much Computer time, the physical pic-
ture of these migrations must be simplified. Such a 
model was developed by Zvara [43], The many ad-
sorption-desorption cycles that result in a negligible 
longitudinal displacement of the species are combined 
in an adsorption residence event followed by an effec-
tive displacement. All parameters for the probability 
density distributions in the model have been adjusted 
so that the model adequately reflects the retention of 
the species in the system. This microscopic model has 
the advantage that it can accommodate the exact, 
measured temperature profiles as well as high carrier 
gas flow rates. 

We have applied this model to reproduce the ob-
served deposition zones in the experiment depicted in 
Fig. 4e. The total activity in the colunm is distributed 
between H'^NOa (30%) and "NO2 (70%). The resuh 
of the Monte Carlo model calculation is shown in 
Fig. 7. Adsorption enthalpies of - 5 5 kJ/mol and 
—30 kJ/mol were used for H^NOj and "NO2, respec-
tively. The deposition zones that resuh for H^NOj and 
"NO2 contain each the statistics of 10000 simulated 
molecules. The agreement between calculated and ob-
served deposition zones is excellent. In addition, the 
calculation revealed that all of the "NO (assuming an 
adsorption enthalphy of - 2 0 kJ/mol) and also about 
43% of the "NO2 molecules pass through the column 
without being deposited. The reason for this behavior 
is, that the end of the column is not cold enough to 
allow the deposition of all the molecules. Since the 
calculated deposition zones react very sensitive to 
changes in temperature in the coldest section of the 
colunm, small deviations from the measured tempera-
ture profile in the actual experiment may explain why 
the data point in segment 11 of the "NO2 deposition 
zone was not reproduced very well in the model calcu-
lation. 
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So far this model can be applied only for gas-solid 
chromatography in open columns. 

Conclusions 
Thermochromatography with carrier-free radio-
nuclides can be used to study the adsorption behaviour 
for temperatures as low as 88 K. This corresponds to 
adsorption enthalpies of about 19 kJ/mol. 

This allows applications in analytical as well as in 
preparative radiochemistry. Physico-chemical meas-
urements allow investigations of gaseous species on 
solid surfaces at zero coverage. This method is ap-
plicable e.g. to heterogeneous catalysis with radio-
labelled Compounds. 

The basic assumptions made and the model used 
for the interpretation of the data allow a prediction of 
the adsorption behaviour of species with even lower 
adsorption enthalpies. 

Thus a preparative Separation of Kr and Xe should 
be possible in a thermochromatographic column filled 
with molsieve. 
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